Abstract Plasma homocysteine (Hcy) concentration has been shown to be influenced by a mutation in the gene coding methylenetetrahydrofolate reductase (MTHFR). Although plasma Hcy is related to atherosclerotic disorders, conflicting results have been reported about the association between MTHFR gene polymorphism and sclerotic lesions of the common carotid arteries. The effect of agegene interaction on carotid arterial remodeling was investigated in elderly subjects with several risk factors for atherosclerosis. We evaluated sclerotic lesions of the common carotid arteries by ultrasonography in 326 patients (mean age Ϯ standard deviation, 73 Ϯ 12 years) and studied relations among the known risk factors for atherosclerosis, including MTHFR gene polymorphism and its interactions with age and sex. Of the 326 subjects studied, 136 had MTHFR genotype CC, 136 genotype CT, and 54 genotype TT. The three groups did not differ with respect to background factors such as age, history of cigarette smoking, blood pressure, lipids or uric acid, or in the incidence of atherosclerotic diseases. Spearman's rank correlation revealed a significant relationship between gender, age, Brinkman index, systolic blood pressure, triglycerides, HDL-cholesterol (HDL-C), uric acid, and MTHFR gene polymorphism. Multiple regression analysis using intimamedia complex thickness (IMT) as a criterion variable and risk factors, including MTHFR gene polymorphism as explanatory variables showed that MTHFR gene polymorphism (P ϭ 0.039) was a significant independent explanatory variable for IMT, along with gender (male) (P Ͻ 0.001), age (P Ͻ 0.001), systolic blood pressure (SBP) (P ϭ 0.047), total cholesterol (T-C) (P Ͻ 0.001), and HDL-C (P Ͻ 0.001). Furthermore, a general linear model analysis revealed that interaction between age and MTHFR gene polymorphism was significantly associated with IMT, independently of age, SBP, T-C, and HDL-C in male subjects. However, age-gene interaction was not observed in female subjects. The findings of the present study confirm an association between MTHFR gene polymorphism and common carotid atherosclerosis in the Japanese population and further support the role of risk factor-gene interaction in common carotid atherosclerosis.
Introduction
Homocysteine (Hcy) is a sulfur-containing amino acid generated as an intermediate product in methionine metabolism. Hyperhomocysteinemia has been substantiated as a risk factor for occlusive vascular disease in 16.7%-46% of patients with coronary, cerebral, or peripheral arterial diseases (Nygard et al. 1995; Press et al. 1999; Selhub et al. 1995; Yoo et al. 1998) . Recent studies have suggested that the risk of carotid artery stenosis is increased in subjects with even slightly elevated Hcy concentrations previously considered to be within the normal range (Selhub et al. 1995) . Hcy can be transsulfurated to form cysteine or remethylated to form methionine. The latter reaction uses 5-methyltetrahydrofolate as a carbon donor: 5-methyltetrahydrofolate is synthesized from 5,10-methylenetetrahydrofolate through the action of methylenetetrahydrofolate reductase (MTHFR), which is found in endothelium or smooth muscle cells. Mutations in the gene coding for both of these enzymes leads to a group of disorders in which a marked elevation of circulating Hcy has been observed.
There have been numerous genetic association studies of the MTHFR C677T variant, particularly in the homozygous state, which have shown both the presence (Arruda et al. 1997; Cattaneo et al. 1997; Christensen et al. 1997; Kluijtmans et al. 1997; Morita et al. 1997 ) and absence (Anderson et al. 1997; Legnani et al. 1997; Ma et al. 1996; Press et al. 1999; Rees et al. 1997; Schwartz et al. 1997 ) of significant associations with such end points as coronary heart disease, myocardial infarction, thrombo-occlusive disease, and cerebrovascular disease. However, the relationship between elevated plasma Hcy concentration and the end points of vascular disease appears to be consistent, even in those studies that failed to show an association with the MTHFR C677T variant.
Recently, we observed that risk factor-gene interaction can influence carotid atherosclerosis (Tabara et al. 2001 ). The conflicting evidence regarding an association between the MTHFR gene and atherosclerosis may suggest an interaction between risk factor and gene. Aging is a major risk factor for the development of atherosclerosis. Furthermore, plasma Hcy has been shown to increase with age. These findings may suggest a possible interaction between aging and MTHFR polymorphism, since it is also well demonstrated that the MTHFR genotype is significantly related to plasma levels of Hcy.
In the present study, we investigated the association between MTHFR polymorphism and carotid arterial remodeling in elderly subjects with several risk factors for atherosclerosis, with special emphasis on age-gene interaction.
Subjects and methods
Subjects. The subjects were consecutively enrolled from inpatients in the medical department of Nomura Municipal Hospital between August 1999 and December 2000. Those with cardiorenal or nutritional disorders that would affect blood pressure and lipid and glucose metabolism were excluded. Informed consent for the procedure was obtained from each patient. All procedures were approved by the Ethics Committee of Ehime University School of Medicine.
Ultrasound image analysis. An ultrasonograph (Hitachi EUB-565, Tokyo, Japan) equipped with a 7.5-MHz lineartype B-mode probe was used by a specialist in ultrasonography to evaluate sclerotic lesions of the common carotid arteries within three days of the blood biochemistry analyses. Patients were asked to assume a supine position, and the bilateral carotid arteries were observed obliquely from the front and rear. We measured the thickness of the intimamedia complex (IMT) on the far wall of the common carotid artery at a point about 10 mm proximal to the bifurcation of the carotid artery (where the image is clearer, compared with the near wall) and the wall thickness near the 10-mm point on the B-mode monitor, and used the mean values for the study.
Other risk factors. We measured blood pressure in the right upper arm of seated patients using a standard sphygmomanometer. Cigarette smoking was quantified on the basis of the Brinkman index, which is a measure of daily consumption and duration of smoking. Blood biochemistry analyses [total cholesterol (T-C), triglycerides (TG), HDLcholesterol (HDL-C), uric acid, and blood sugar] were carried out after fasting within two days of admission. Diabetes mellitus states was defined on the basis of previous treatment for diabetes mellitus. As for the presence of background atherosclerosis, those diagnosed as with transient ischemic attack, cerebral infarction, angina pectoris, or myocardial infarct were placed in the disease group.
MTHFR genotype analysis. Genomic DNA was extracted from peripheral blood lymphocytes using standard procedures. The DNA sample was amplified by polymerase chain reaction (PCR), and the restriction enzyme Hinfl was used to identify those with the C677T mutation, as described by Frosst et al. (1995) . The PCR reaction generated a 198-bp fragment containing codon 677. The point substitution of T for C at codon 677 creates a Hinfl recognition sequence with resulting 175-and 23-bp fragments. Alanine-coding alleles therefore produced a 198-bp fragment that was easily distinguished from the 175-bp fragment generated by valine-coding alleles. Electrophoresis in a 4% agarose gel followed by ethidium bromide staining and UV illumination allowed detection of mutated alleles.
Statistical analysis. Statistical analysis was performed using SPSS 10.0J (Statistical Package for Social Science, Chicago, IL, USA). The prevalence of each genotype was compared by the -squared test. The differences among groups were analyzed by analysis of variance or by the Mann-Whitney U-test. The relations between IMT and risk factors, including genotype, were examined by Spearman's rank correlation and multiple regression analyses. A general linear model was employed to evaluate the significant contribution of risk factor-gene interactions to IMT. P Ͻ 0.05 was considered significant.
Results
Background of subjects with the three MTHFR genotypes. Of the 326 subjects studied (mean age Ϯ standard deviation, 73 Ϯ 12 years), 147 were men (72 Ϯ 12 years) and 179 were women (74 Ϯ 12 years). With respect to MTHFR gene polymorphism, 136 had genotype CC, 136 genotype CT, and 54 genotype TT. The distribution of MTHFR genotypes was consistent with published data for Japanese subjects (Morita et al. 1997) and was in agreement with the expected Hardy-Weinberg ratio (P ϭ 0.36). Among the three MTHFR genotypes, there were no differences in background factors, including age, history of cigarette smoking, blood pressure, lipids, and uric acid, or in the incidence of atherosclerotic diseases such as hypertension, diabetes mellitus, ischemic heart disease, or cerebral infarction (Table 1) .
Carotid intima-media thickness and the MTHFR gene. Spearman's rank correlation showed that IMT was significantly correlated with sex, age, Brinkman index, systolic blood pressure (SBP), TG, HDL-C, uric acid, and MTHFR gene polymorphism (Table 2) . To further investi-gate whether the MTHFR genotype is an independent determinant of carotid IMT, multivariate linear regression analysis for common carotid IMT was performed with the following risk factors: age, sex, body mass index, Brinkman index, SBP, diastolic blood pressure (DBP), T-C, HDL-C, triglycerides, uric acid, diabetes status, antihypertensive drug use, and MTHFR genotype. The results showed that MTHFR gene polymorphism was significantly and independently associated with IMT, as were sex, age, SBP, T-C, and HDL-C (Table 3) .
Age-MTHFR gene interaction. To further investigate whether age and genotype interactions could influence IMT, a general linear model for IMT was analyzed with the following parameters: sex, age, SBP, DBP, antihypertensive drug use, T-C, HDL-C, and MTHFR gene polymorphism, including interactions with age and sex (Table 4) . In male subjects, the interaction of age and MTHFR gene polymorphism was significantly associated with carotid IMT, in addition to age (alone), SBP, T-C, and HDL-C. This finding indicates that the association between age and carotid IMT was significantly different between subjects with the MTHFR TT genotype and those who were MTHFR C carriers (CC ϩ CT). On the other hand, age-gene interaction was not observed in female subjects.
Discussion
This study examined the relation between MTHFR gene polymorphism and atherosclerosis evaluated ultrasonographically in patients with risk factors. The presence of a T The risk factors: body mass index, Brinkman index, triglycerides, uric acid, and diabetes mellitus were not retained in the final model , standard regression coefficient; R 2 , multiple coefficient of determination a An additive model (CC ϭ 1, CT ϭ 2, TT ϭ 3) was used for the MTHFR genotype allele was a significant risk factor for IMT thickening in addition to conventional risk factors, including sex, age, SBP, T-C, and HDL-C. Furthermore, this study showed an effect of age-gene interaction on IMT.
MTHFR is present in vascular endothelium and smooth muscle cells, and the Hcy level rises by localized variation in MTHFR, which lowers this activity. Causes of atherosclerosis attributed to Hcy include endothelial cell injury, accelerated proliferation of smooth muscle cells (Harker et al. 1976) , LDL oxidation promotion, thrombosis formation by accelerated prothrombin activity, and, recently reported, a mechanism acting via active oxygen (Welch and Loscalzo 1998) . Accordingly, the relation between MTHFR gene polymorphism and atherosclerosis by IMT thickening has been suggested to be affected by Hcy (Cattaneo et al. 1997; Christensen et al. 1997; Kluijtmans et al. 1997; Morita et al. 1997) . Despite these findings, it is difficult to clarify the relation between the MTHFR T allele and carotid artery stenosis (Girelli et al. 1998; Nakata et al. 1998) . The relation is difficult to elucidate, presumably because of the presence of many risk factors that compound atherosclerosis. As for IMT, Bova et al. (1999) reported a relation between carotid artery stenosis (Ͼ75%) and MTHFR gene polymorphism, while Kostulas et al. (1998) denied that a relationship existed. However, the latter studied patients with symptomatic cerebrovascular disorders (irrespective of carotid artery stenosis) as well as those with carotid artery stenosis (Ͼ50%), which are clearly different groups.
The TT genotype is more closely related to the rise of Hcy in patients with a low folic acid level (Christensen et al. 1997; Girelli et al. 1998; Ma et al. 1996; Schwartz et al. 1997) and high Hcy is lowered by folic acid fortification (Jacques et al. 1999) . This finding suggests that in a group with low folic acid intake, the effects of MTHFR gene polymorphism on atherosclerosis via Hcy are more likely to appear; therefore, the folic acid level and the effects of food should not be disregarded. Although we did not measure folic acid intake, the mean age of the subjects in the present study, 73 suggests that the folic acid intake was probably low. Since the effect of aging on carotid IMT was more precipitous in subjects with the TT genotype, age-related low intake of folic acid may underlie the age-genotype interaction observed in the present study. However, the age-gene interaction was observed only in male subjects. Although we could not specifically explain the gender-specific effect of the agegene interaction, it has recently been shown that elderly male carriers of the T allele of the MTHFR gene have higher serum uric acid than those without T allele (Zuo et al. 2000) . Since a significant positive association between plasma Hcy and serum uric acid has also been reported (Lussier-Cacan et al. 1996) , these findings may explain the age-dependent effect of Hcy plasma levels on atherosclerosis in male subjects. The age-genotype interaction observed in the present study supports the hypothesis that other factors may contribute to the effect of genetic variation to give rise to carotid atherosclerosis (Tabara et al. 2001) .
In summary, we found a significant association between MTHFR gene polymorphism and common carotid atherosclerosis in subjects with risk factors for atherosclerosis. Furthermore, an interaction between age and the MTHFR gene was observed. This finding further supports the idea that risk factor-gene interaction could allow us to determine specific predictive information about the development of atherosclerosis. 
